analyzed with thematic text analysis. The text analysis was guided by an assessment matrix based on PIA-specific guidelines and frameworks. Results: We included 46 relevant reports, most focusing on issues in genomics. 27 reports (59%) explicitly described representation objectives, though mostly without adjusting eligibility criteria and recruiting methods to the specific objective. 11 reports (24%) explicitly reported to have achieved the intended representation; the rest either reported failure or were silent on this issue. Conclusion: Representation of study samples in PIAs in biomedical research and innovation is currently not reported systematically. Improved reporting on representation would not only improve the validity and value of PIAs, but could also contribute to PIA results being used more often in relevant policy and decision-making processes.
parency around publicly relevant issues in genomics research (including biobanks) or emerging biotechnologies (including genome editing or synthetic biology) and, more generally, enable different types of public participation in corresponding decision-making and governance processes [2] . To do so, a range of PIAs have been developed, including public information, consultation, deliberation and participation. Examples are the British Columbia biobank deliberation [3] and the CARTaGENE Project on establishing a genetic database [4] . These and other PIA approaches employ a range of engagement methods such as focus groups, deliberative group discussions or citizen juries [5] [6] [7] .
Genetics and genomics research, such as pharmacogenetics, is a good example to highlight the relevance of PIAs. First, technological advance of these subjects is associated with low levels of public understanding and awareness due to the complexity involved. For instance, informed consent constitutes a challenge for pharmacogenomics as the data created may apply to follow-up research projects with different research questions that the study participants did not initially consent to [8] . Second, genetics and genomics research may find application in inherently new areas for which there is insufficient experience to judge the ethical and societal issues that may arise, as well as the degree of societal acceptance [9] . Application of new technologies in clinical practice is also a matter of acceptable/maximum cost, which in turn is a matter of societal and political debate [8] . Finally, genetics and genomics require professionals (researchers, clinicians, tech industry, etc.) to support public understanding and debate: Only if this is given, the public may provide necessary support such as prioritizing research questions and brining up new subjects [9, 10] .
A number of studies have examined the 'involvement' aspect of PIAs from a normative theoretical standpoint, in particular by discussing rationales, objectives, methods and challenges (such as missing impact evaluations or translation of PIA-related results into policy) [5] [6] [7] 11] . The definition of 'public', or rather whom exactly to involve in a PIA, is another core aspect, as it directly affects every method, objective and outcome of public involvement [12] [13] [14] . For most PIAs, a subgroup of the relevant population must be identified. Hence, one of the most important questions is how to involve individuals who are in some way representative of the target population.
For instance, if the objective of a PIA were to gather the full spectrum of people's arguments for refusing participation in a biomedical research study, the sample used would need to represent the widest possible range of individual characteristics. If, on the other hand, a PIA aimed to survey public attitudes towards a specific biomedical innovation, for the results to be generalizable it would be desirable to involve a statistically representative subgroup of the public. Hence, there are different concepts of 'representation', and which is best depends on the specific purpose and method of a PIA. Further, public involvement guidelines highlight the importance of representation to accurately reflect patients'/the public's preferences and needs, to ensure that the PIA effectively informs decision-making processes and to avoid the potential impacts of selection bias. Achieving representation may therefore involve a systematic process of identifying, selecting, recruiting and possibly retaining study participants [15] .
Extensive literature exists on different modes of representation and their relevance to PIAs [16] [17] [18] [19] [20] [21] [22] [23] . These discussions mostly refer to theoretical and normative notions regarding what kind of representation is appropriate for different means of public involvement and how representation can be achieved. The objective of this review is different insofar as it assesses how such considerations have been operationalized in a systematically derived sample of PIA reports that deal with issues in biomedical research and innovation. Specifically, the objectives are to assess (a) what types of representation were aimed at in different PIA reports, (b) which eligibility criteria and recruiting methods were used to achieve representation, (c) whether representation in the study sample was achieved and (d) whether and how potential limitations of the actual study sample were recognized and addressed by the PIA authors, either during the conduct of the PIA or when drawing conclusions.
Methods

Database-Specific Search, Selection of Studies and Data Analysis
As part of a broader research project studying PIAs in biomedical research and innovation, we identified relevant PIA reports via a systematic literature search in PubMed, Scopus and PsycINFO ( fig. 1 , table 1 , online suppl. information 1; for all online suppl. material, see www.karger.com/doi/10.1159/000444478). For details on the search strategy see [24] . For the subsequent thematic text analysis of selected reports, an assessment matrix was developed based on a literature review of PIA-specific guidelines and frameworks [25] [26] [27] [28] . The matrix had four core categories: (a) general information, (b) PIA concept, (c) background and theoretical framework and (d) methods. Subcategories, such as 'representation/sample aim', 'recruiting method' and 'study limitations', covered the main conceptual and methodological issues of public involvement discussed in the PIA guidelines (online suppl. information 2).
For the analysis of representation concepts and corresponding recruitment criteria and methods, we extracted text passages on (a) sampling/representation objectives, (b) eligibility criteria and recruiting methods for selecting the sample and (c) the type of representation actually achieved by the recruited sample (online suppl. information 2). The last included discussions on potential sample/representation limitations and how such limitations were addressed.
The included reports were assessed by four researchers (J.L., I.H., T.H. and S.B.) by extracting relevant text passages. These were coded to allow for qualitative and quantitative synthesis of the results. More details on the development of the analysis matrix and on data analysis have been published elsewhere [24] .
Analysis of Representation Concepts
We applied four core concepts of representation for the thematic text analysis of representation aims and outcomes. The four concepts stem from internationally established theoretical frameworks for deliberative democracy, normative deliberative theory and the concept of representation as such ( table 2 ). Based on the specific objective of a PIA study, the desired type of representation may vary. For instance, in one PIA on synthetic biology, partici- 196 pants were selected according to 'different natural groups who meet on a regular basis, share a common identity (such as being members of an organisation or NGO), and hence are likely to represent relevant real-life conversation partners for each other when discussing new and unfamiliar issues' [29] . In another PIA that aimed to assess attitudes on human cloning, the sample was intended 'to reflect the demographic profile of the populations in the various group locations' [30] .
In addition to the four types of representation, some PIAs may not have such specific concepts/representation aims, but rather recruit easily accessible participants. This approach to selecting study participants is commonly understood as convenience sampling. That is, study participants take part because of their easy availability, or because they independently decide to take part in the PIA, for example when spontaneously joining a survey conducted during a fair.
While 'random sampling' is often used as a synonym for 'quantitative representation', we did not combine those studies that aimed at a random sample with those that aimed at quantitative representation, in order to avoid making interpretative judgments. Instead, quantitative representation and random samples were assessed individually.
Studies that aimed either at qualitative or discursive representation were distinguished based on their respective criteria and definitions [31] . Qualitative as well as discursive representation both aim at a diverse composition of the study population instead of a proportionally correct reflection of the target population at large. Still, each concept relates to a distinct form of diversity: discursive representation requires the inclusion of all relevant perspectives and rationales regarding the study topic [19] . Qualitative representation requires diversity of study participants' sociodemographic characteristics. Often, qualitative representation is considered as a proxy for discursive representation, assuming that persons with different sociodemographic characteristics also entail different perspectives and rationales. Hence, it may be difficult to distinguish whether studies aim at qualitative or discursive representation. The authors (J.L. and S.B.) discussed studies that were difficult to classify separately and con- 'To generate a sample that was broadly representative of the community and fostered socioeconomic, age, and family-life diversity (e.g., marital status, parenthood, etc.), we worked through community agencies serving families and advertised through related forums' [42] .
c Discursive representation
The inclusion of all relevant views, experiences and all existing discourses on a given subject. While qualitative representation refers to the inclusion of the spectrum of different characteristics of/in people, discursive representation refers to the inclusion of the different discourses for a certain topic, as it is unclear whether discourses necessarily have to be represented 'by particular persons […] A discourse can be understood as a set of categories and concepts embodying specific assumptions, judgments, contentions, dispositions, and capabilities' [19] .
'Our aim was discursive representation. This is different from proportional representation in that the objective is not a statistically representative sample but a sample diverse in public perspectives about the policy issue. This includes minority and/or marginalized voices and those perspectives that previously were unarticulated in the sphere of public discourse' [43] .
d Elected representation
Being legitimized for instance through election or delegation by third parties, communities or other social entities to represent the opinions, and act on behalf of specific subgroups/communities of the public at large [20, 23] .
'Participants were purposely selected because of their stature and level of influence in the black African immigrant community. Their views cannot be taken to represent all their constituents, but rather reflect their roles as community guardians' [44] .
Convenience sampling
Selecting a sample by ease of access to the population. 'Five hundred sixty seven adult individuals who were present in the outpatients' clinics of the King Faisal Specialist Hospital and Research Centre (KFSH&RC) […] were invited to participate in the study.
[…] The sample size and sampling method were convenience-based. We aimed to have 500 evaluable respondents, expecting a refusal/ineligibility rate of about 20%. Potential participants were individually and consequently approached and were enrolled if they were able to understand the study and agreed to participate' [45] .
sented on the classification to further limit possible risks of misclassification.
To give an example for challenging classifications, a PIA study on biobank research aimed to 'reflect the range of diversity found in [British Columbia]' [3] . This apparently relates to qualitative diversity in terms of the samples' characteristics, rather than a diverse spectrum of views on a given subject. Another study mentions 'our aim was discursive representation' and 'a sample diverse in public perspectives'. Still, it also mentions '[…] a lack of sociodemographic diversity which is problematic, because this indicator was adopted as a proxy measure of discursive representation' [32] . This example may relate to discursive representation, given that sociodemographic diversity was intended as proxy to achieve the (discursive) representation aim, and not vice versa.
Results
Of the 46 studies analyzed, 20 (43%) focused on issues in genetics and genomics and another 18 (39%) on biobank research that often includes genetics research. Further foci were on general biomedical research (n = 5) and bloodspot sample research (n = 3). Synthetic biology, nanotechnology and human cloning research were mentioned once, respectively. 13 PIAs (28%) referred to more than one subject.
Representation Objectives
Seven PIAs (15%) aimed to achieve quantitative representation in their study samples, meaning sufficiently similar frequencies of relevant sociodemographic characteristics to those of the population at large. For example, one study reported that '[t]he survey sample was designed according to Department of Statistics guidelines using the 2004 Population and Housing Census to ensure that the final sample reflected the socioeconomic and demographic distribution of Jordan' [33] .
Further, 8 studies (17%) aimed for a random sample. While random sampling is understood as a method to achieve quantitative representation, these studies did not directly mention quantitative representation, but referred to the random sampling methodology only.
15 studies (33%) aimed for qualitative representation by reflecting the spectrum of views, norms and preferences towards biomedical research. (One study claimed to aim at both quantitative and qualitative representation, as the PIA included different phases with different objectives and methods.) This included for example '[…] the objective is not a statistically representative sample but a sample diverse in public perspectives' [32] and '[focus] group members were recruited to reflect a range of demographics, including age, education, race, ethnicity, gender, and socioeconomic status […]' [34] (for text-based examples on representation objectives and outcomes extracted from the original PIA studies, see online suppl. information 3).
Five studies (11%) reported a sample aim which would qualify either as elected representation (n = 1) or discursive representation (n = 4).
Eight studies (17%) reported having recruited their samples by convenience. This was done for example by recruiting '[…] 45 African-American adults whose children received medical care at two healthcare facilities on the South Side of Chicago that serve different socioeconomic communities' [35] or '[t]he survey questionnaire was attached to the monthly magazine entitled, ''Machiapo'' (in Japanese) which is targeted for patients and distributed to pharmacies with a circulation of 150,000 throughout Japan' [36] .
Four studies (9%) reported neither representation objectives nor recruiting methods that would hint at a particular type of representation, or even aiming at some partial degree of diverse views and norms, or different sociodemographic characteristics ( table 3 ) .
Recruitment Process 40 studies (87%) reported the use of eligibility criteria to achieve the intended concept of representation. Of these, 7 studies defined one criterion such as minimum age or language spoken, and the remaining 33 studies defined two or more criteria, such as 'adult Egyptian patients', excluding those 'who were critically ill or with diminished decisional capacity' [37] .
In total, 31 broadly distinguishable criteria were mentioned among the 46 PIA studies, which can be differentiated as criteria related to (a) demography, e.g. age, ethnicity, religion (n = 11), (b) status function/role, e.g. lay person, community leader (n = 7), (c) relation to research, e.g. no previous participation, previously refused to participate in research (n = 6), (d) health, health status, risk behavior (n = 5) or (e) 'technical' availability, access to email and telephone (n = 2).
21 PIA studies reported recruiting the study sample in deliberately chosen places such as hospitals or via personal contacts such as the board of a community organization. 17 studies instead described a random recruiting process, for example via residential telephone numbers, random invitation by letter or random selection from hospital registration files. Of these, 5 studies delegated the recruiting process to an external company, such as an 'external market research agency' [32] or a 'public opinion research firm' [4] . Eight PIA studies did not report their recruiting method. 
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Of all studies that reported eligibility criteria or recruiting methods, 5 explicitly justified their criteria (n = 3) or recruiting methods (n = 2) with respect to their representation objective, such as 'a random process for the selection of patients […] to ensure age, gender and socioeconomic diversity' [38] or 'groups were purposively sampled and chosen to reflect a range of demographics […] aiming for diversity rather than representation' [1] .
Sampling Properties and Representation Achieved
Eight studies claimed to have achieved quantitative representation; for instance, '[i]n comparison to the Australian Bureau of Statistics (ABS) Census data for 2006, the sample was representative of the Australian population in terms of state, education and occupation, but was over-represented by older individuals […] and females. The data were therefore weighted according to ABS (2006) proportions for gender and age groups' [38] .
Qualitative representation was claimed in 3 PIA reports, such as '[t]he diversity of socioeconomic and occupational backgrounds of the participants is shown in table 1. Our sample consisted of almost equal proportions of MalayMuslims, Chinese, and Indians with a wide range in age (18-62 years), educational level and occupation' [39] -one of these studies claimed both qualitative and quantitative representation. Lastly, success in discursive representation was not claimed in any of the 4 PIA reports that aimed for it. Success in elected representation was reported once.
General (quantitative) participant characteristics were provided in 37 studies by reporting statistical information such as age, gender and ethnicity. However, from these data alone it could not be indicated if they were meant to state whether representation was achieved or not.
17 studies reported to not have achieved representation, although all of these mentioned a specific sampling aim, or at least a sampling method indicating an aim. The representation aims or methods of these 17 studies were as follows: qualitative representation (n = 4), discursive representation (n = 3), quantitative representation (n = 2), random sampling (n = 1) and convenience sampling/ self-selection (n = 7).
While all these 17 studies did mention that representation was not achieved, 9 reported only that representation was not achieved, but did not provide any further information as to the actual type of representation that was not achieved. For instance, one study mentioned that '[…] the focus groups cannot be said to be truly representative […]' [30] without indicating whether this related for instance to quantitative or qualitative representation.
Ten of these 17 studies addressed potential consequences of this limitation in their 'study limitations' section. These limitations either referred to difficulties in generalizing and extrapolating the results to other contexts (n = 5), changing demographic characteristics and diversity of the population not reflected in the sample (n = 3), concerns that other individuals outside the study population would have different views on the subject of discussion/consultation (n = 1) and the necessity of validation of the results in larger samples (n = 1). Such limitations were expressed for example by '[w] hile the study sample demographics may reflect those who are currently interested in personal genomics […] , these findings cannot be extended to the general population that may encounter personal genomics either in retail stores or in a physician's office in years to come' [40] and '[the results] should not be taken as representing the perspectives of African Americans or Latinos/Latinas nationally' [41] . 19 studies did not specify whether representation of the study sample vis-à-vis the population at large was achieved ( table 3 ) .
Discussion
Public involvement as a tool for the governance of ethically sensitive biomedical research and innovation has received increasing attention in the last decade. A core methodological question is whom exactly to involve in a PIA. The validity and value of any PIA depends on whether the sample of the involved subgroup of the 'public' is sufficiently representative. To demonstrate 'sufficient representation', it is of the utmost importance for PIA reports to describe (a) the intended representation objectives together with the eligibility criteria and recruiting methods used, (b) whether the intended representation objective is achieved and (c) potential limitations of the actual study sample. This is the first study to assess the reporting of different concepts of representation in a systematically derived sample of PIAs in biomedical research and innovation.
Of the 46 studies analyzed, 27 reported a specific representation objective and 8 at least a sampling method. This suggests that a majority of PIA authors are aware of the need to specify representation aims. Still, reporting a specific aim instead of just a sampling method may give a better account of representation. This makes it easier for instance to evaluate whether a sampling objective has actually been achieved, or to draw conclusions about a study's representativeness vis-à-vis the general population.
Further, the explicit reporting of eligibility criteria (in 40 studies, 87%) and the specification of recruiting methods (in 38 studies, 83%) appear to be well established for PIAs in biomedical research and innovation. However, only 5 studies (11%) related recruiting criteria and methods to representation objectives, despite their normative significance in PIAs. When planning a PIA, recruiting criteria and methods should be explicitly adjusted to the representation objective.
Lastly, of those 35 PIA reports that explicitly or implicitly described a representation objective, only 12 (26%) specified that representation was achieved; 10 (22%) discussed study limitations arising from representation issues regarding the sample, and their consequences for interpreting the results. The number of studies reporting to have achieved their representation objective varies between the different forms of representation. Of the 15 studies aiming at quantitative representation or random sampling, 8 report to have achieved their goal (53%), of the 15 studies aiming at qualitative representation only 3 (20%) claim successful representation, and none of the 4 studies aiming at discursive representation do so. Hence, qualitative and discursive representation may either be more challenging to accomplish, more difficult to prove, or authors of respective PIA reports often do not see the importance to critically discuss the success of their representation objectives. Especially for studies aiming at discursive representation, providing sound evidence for successful representation is challenging, as the presence of all relevant views and experiences is difficult to verify.
The consequences of limited representation as discussed in many of the analyzed PIA reports point at the challenging implementation of representation. Concerns were addressed regarding application and replication of results in other contexts or with other individuals due to the study samples' incomplete or incorrect portrayal of the population at large. To improve the representativeness of future PIA samples -irrespective of the intended form of representation -first, reasons for not accomplishing representation need to be identified and analyzed for different PIA methods. Second, recruitment procedures can be further developed and adapted to reduce biases in study populations.
A previously published analysis on the same sample of PIA reports revealed that translation of PIA results into policy and practice is currently little documented [24] . A more precise reporting of representation objectives, achieved levels of representation and its limitations could contribute to more successful translation of PIA results, since representation ensures that the views, interests and preferences of the population at large are reflected [15] . A systematic account of representation in PIA reports could also be facilitated by clearly addressing the theoretical/normative relevance of this concept, that is clarifying whether, why and what type of representation is rel-evant to the particular PIA. This could then help to highlight the impact of PIAs on decision-making processes in science and politics. Especially for discursive and qualitative representation this requires further clarification of their concepts as well as identification of unambiguous criteria for successful implementation.
Conclusion
The results of the current study provide a good argument for the development of reporting guidelines for PIAs on biomedical research and innovation. Former analyses on current reporting of PIAs' objectives, methods, translation of results and self-evaluation also revealed a respective need [7] . Besides improving reporting as such, the guidelines could also help PIA organizers to consider all relevant steps in the design, conduct and follow-up of a PIA.
To find out whether inconsistent and incomplete reporting of representation is due to PIA organizers' not prioritizing its reporting or not considering representation, future research could focus on consulting PIA organizers on this matter. In so doing, it may also be valuable to assess the importance that PIA practitioners actually place on defining, selecting and working with a specific concept of 'representation' and 'public' and to find out why these concepts are often defined and applied inconsistently.
To be considered a legitimate tool for providing input into research governance and policy-making, PIAs need improvement with regard to the reporting of representation aims and whether they were eventually achieved. Furthermore, the adequacy of the chosen eligibility criteria and recruitment methods should be justified with regard to the aims of the particular PIA.
